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Abstract
Several recent studies have shown that genes specifically expressed by the oocyte are subject to rapid evolution, in particular via gene
duplication mechanisms. In the present work, we have focused our attention on a family of genes, specific to eutherian mammals, that are located
in unstable genomic regions. We have identified two genes specifically expressed in the mouse oocyte: Khdc1a (KH homology domain containing
1a, also named Ndg1 for Nur 77 downstream gene 1, a target gene of the Nur77 orphan receptor), and another gene structurally related to Khdc1a
that we have renamed Khdc1b. In this paper, we show that Khdc1a and Khdc1b belong to a family of several members including the so-called
developmental pluripotency A5 (Dppa5) genes, the cat/dog oocyte expressed protein (cat OOEP and dog OOEP) genes, and the ES cell-
associated transcript 1 (Ecat1) genes. These genes encode structurally related proteins that are characterized by an atypical RNA-binding KH
domain and are specifically expressed in oocytes and/or embryonic stem cells. They are absent in fish, bird, and marsupial genomes and thus seem
to have first appeared in eutherian mammals, in which they have evolved rapidly. They are located in a single syntenic region in all mammalian
genomes studied, except in rodents, in which a synteny rupture due to a paracentric inversion has separated this gene family into two genomic
regions and seems to be associated with increased instability in these regions. Overall, we have identified and characterized a novel family of
oocyte and/or embryonic stem cell-specific genes encoding proteins that share an atypical KH RNA-binding domain and that have evolved rapidly
since their emergence in eutherian mammalian genomes.
© 2007 Elsevier Inc. All rights reserved.Keywords: Oocyte; Atypical phylogenetic evolution; Dppa5; ECATI; Eutherian mammalsDuring the past decade, a number of studies have identified
several genes specifically expressed by the oocyte that play a
role in oogenesis, folliculogenesis, or early embryonic develop-
ment. In a previous work, we used and validated an in silico
subtraction methodology to identify oocyte-specific genes in the
mouse [1,2]. Using the digital differential display software, we
and others have identified more than 100 genes specifically
expressed in the mouse oocyte. Some of these genes are or-
ganized in clusters in the mouse genome and seem to have
evolved particularly rapidly, via recent gene duplications
(oogenesin, Nalp9, Obox, …) [1–4].⁎ Corresponding author. Fax: +33 2 47 42 77 43.
E-mail address: monget@tours.inra.fr (P. Monget).
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doi:10.1016/j.ygeno.2007.06.003The evolution of genes depends, at least in part, on their
specificity of expression and on their biological function. In
particular, genes that exhibit a strict specificity of expression
evolve faster than ubiquitously expressed genes [5,6]. Genes that
play a role in reproduction processes also are known to evolve
faster than genes that do not [7]. Moreover, the evolution of genes
also depends on their location in the genome. For example,
oocyte-specific gene families organized in clusters in the mouse
genome are significantly closer to the telomeres than isolated
genes [4]. Furthermore, it has been also shown that segmental
duplications have participated in the recent evolution of genomes,
as driving forces for evolutionary rearrangements [8].
In the present work, we were interested in studying two
genes predicted in silico as specifically expressed in the oocyte,
584 A. Pierre et al. / Genomics 90 (2007) 583–594KH homology domain containing 1a (Khdc1a), also named Nur
77 downstream gene 1 (Ndg1), and another gene structurally
related to Khdc1a that we have renamed Khdc1b. We have
focused our study on these two genes because they seem to have
duplicated recently during evolution in the mouse, the sequences
of the corresponding proteins sharing a particularly high degree
of identity.Moreover, both peptide sequences also exhibit a clear
structural homology with developmental pluripotency A5
(Dppa5), another factor specifically expressed by embryonic
stem (ES) cells. In this paper, we show that Khdc1a and Khdc1b
belong to a new eutherian gene family with several members,
including theDppa5 genes, the cat/dog oocyte expressed protein
(cat OOEP and dog OOEP) genes, and the ES cell-associated
transcript 1 (Ecat1) genes. These genes encode structurally
related proteins that are characterized by an atypical RNA-
binding KH domain and are specifically expressed in oocytes
and/or embryonic stem cells. Interestingly, they appear to haveFig. 1. mRNA expression ofKhdc1a andKhdc1b in the mouse ovary. (A) Expression a
products. As a control, actin was amplified in all tissues by RT-PCR. (B) Localization
probes in secondary follicles (II) and early antral and late antral follicles (AF). Control s
bars, 100 μm.emerged initially in eutherian mammalian genomes and they
have undergone rapid evolution. Moreover, in rodents, they are
located in an unstable chromosomal region.
Results
Identification of oocyte-specific Khdc1 genes in the mouse
Using the in silico digital differential display methodology as
previously described (http://www.ncbi.nlm.nih.gov/UniGene/
info/ddd.html) [1], we have identified two structurally related
genes, Kdhc1a and another gene that we named Kdhc1b (see
below for the annotation), both predicted to be exclusively
expressed in oocytes.
The two deduced protein sequences of Khdc1a and Khdc1b
share 86% identity over the first 123 amino acids. The Khdc1a
protein sequence is longer than that of Khdc1b, with 166nalysis ofKhdc1a andKhdc1bmRNAs by Southern blot analysis of the RT-PCR
of Khdc1a and Khdc1bmRNAs by in situ hybridization, using 35S-labeled RNA
ectionswere hybridizedwith the sense probe. Black arrows indicate oocyte. Scale
585A. Pierre et al. / Genomics 90 (2007) 583–594amino acids, instead of 126. A Blast analysis showed that, in
the mouse genome, a third gene structurally related to Khdc1a
and Khdc1b exists, which we have named Khdc1c. The
proteins encoded by the three genes share 86 to 98% sequence
identity (Fig. 2A).
First, we verified their oocyte-specific expression. Southern
blot analysis of RT-PCR products showed that, in mouse,
Khdc1a and Khdc1b mRNAs are exclusively expressed in the
ovary (Fig. 1A) and in situ hybridization confirmed that they
are expressed in oocytes (Fig. 1B).
Transcripts are clearly detected in secondary follicles but are
also present in antral follicles (Fig. 1B). No clear difference of
expression was observed between healthy and atretic follicles or
between ovaries recovered at the diestrus, proestrus, or estrus
stages (data not shown).
Interestingly, in silico analyses predicted that Khdc1c should
also be specifically expressed in the oocyte (http://www.ncbi.
nlm.nih.gov/UniGene/; data not shown).
Phylogenetic analysis of Khdc1/Dppa5/Ooep genes
From the third iteration, PSI-BLASTaligned significantly the
three Khdc1 protein sequences with those of Dppa5 and Ecat1
from different mammals specific to embryonic stem cells and
early embryos (Dppa5 [9]; Ecat1 [10]), as well as with those of
Ooep homolog (cat/dog) genes, which have recently been shownFig. 2. (A) Multiple alignment of the murine sequences of Khdc1/Dppa5/Ooep family
of the Khdc1/Dppa5/Ooep sequences, showing positions that are conserved between t
Shading was performed according to residue properties and degree of conservation
Positions where hydrophobicity is conserved are shaded in dark gray, whereas oth
Consensus abbreviations are shown next to the alignment (h, hydrophobic residu
(AGSVT); l, loop-forming residues (PGDNS)). The C-terminal regions of the sequ
numbers are Khdc1a (34304011), Khdc1b (38049357), Khdc1c (76573872), Dppa5 (
homolog (cat/dog) (21312688). The Khdc1/Dppa5/Ooep sequences were aligned w
structures have been solved: Nova-2 (PDB 1ec6), FBP (PDB 1j4w), hnrnp K (PDB 1k
observed in the Khdc1/Dppa5/Ooep family. The positions of regular secondary struc
positions for regular secondary structures between the four sequences are shown wit
regular secondary structures specific for some sequences). Stars indicate the positions
RNA recognition [17]. (B) Model of the three-dimensional structure of the type I KH d
the KH3 domain of the Nova-2 protein, in complex with a hairpin RNA (PDB 1ec6to be specifically expressed in cat and dog oocytes, respectively
(W. He et al., 2006, direct submission to GenBank). It is
noteworthy that the Ecat1 gene is absent in rodents. The protein
Dppa5 shares approximately 35% sequence identity with Coep
over 100 amino acids, while both Dppa5 and Ooep share only
approximately 21% sequence identity over 97 amino acids with
Khdc1a and Khdc1b (Fig. 2A). The region of similarity
encompasses the N-terminal parts of the proteins, which include
a KH-like domain (see below). The C-terminal extensions of the
proteins are variable and cannot be aligned between Khdc1,
Dppa5, and Ooep homolog (cat/dog) sequences.
Phylogenetic analysis revealed three monophylogenetic
groups that contain Ooep/Ecat, Dppa5, and Khdc1 genes,
respectively, suggesting that they arose from a duplication of an
ancestral gene before the eutherian mammalian radiation
(Fig. 3). Thus it is likely that the mammalian ancestor genome
contained one Dppa5 and one Khdc1, and one Ooep/Ecat1 gene
which, after duplication, gave rise to both Ooep and Ecat1
genes. After this event it seems that the Ecat1 and Ooep genes
have remained as a single copy in mammalian genomes since
only one ortholog is found in different mammalians species
(Figs. 3B and 3C), while lineage-specific duplications must have
occurred in the case of the Dppa5 and Khdc1 genes (Figs. 3D
and 3E). Indeed, duplication of the Khdc1 gene occurred in the
mouse after divergence from the rat, as well as in the primate
lineages before the chimpanzee/human/Macaca split (Fig. 3E).and relationship to type I KH domains. On top is shown the multiple alignment
he three groups of sequences. The Ecat1 gene is absent from the mouse genome.
within the alignment. Sequence identities are in white on a black background.
er conserved positions are shaded in light gray. Dashes indicate gap positions.
es (VILFMYWACTS); p, polar residues (STEDNQKRHC); s, small residues
ences are not shown, since they are highly variable and cannot be aligned. GI
27228963), Dppa5-homolog1 (94386247), Dppa5-homolog2 (94386249), Ooep
ith those of different type I KH-fold domains for which the three-dimensional
hm), vigilin (PDB 1vih). Conserved positions of the KH core match mainly those
tures, as experimentally observed, are indicated below the alignment (consensus
h black boxes, whereas white boxes indicate the N- or C-terminal extensions of
of amino acids that have been shown in one or several structures to be involved in
omain of the Khdc1a protein (right view), based on the experimental structure of
; left view).
586 A. Pierre et al. / Genomics 90 (2007) 583–594Another duplication of Khdc1 occurred in Macaca after the
divergence from other primates. In the case of the Dppa5 gene
duplication is restricted to the mouse lineage. It is also likely that
the Ecat1 gene was lost from the genome of rodents after the
divergence with other mammals (Fig. 3C). Curiously, if the
mouse is chosen as outgroup, the phylogenetic tree of Khdc1
shows an inversion in the topology of the mouse genes, the rat
Khdc1 gene forming a monophylogenetic group with primate
genes (Fig. 3E). This could be due to the particularly high rate of
evolution of these genes in the mouse lineage.Fig. 3. Phylogenetic analysis of the Khdc1/Dppa5/Ecat1/Ooep genes. (A) Overall phy
and Khdc1 genes, respectively. Note that the Ooep/Ecat1 ancestor further duplicated
similar to that of Ecat1. (C) Ecat1: Ecat1 genes remained as a single copy in mammal
(D) Dppa5: Duplication of Dppa5 genes occurred only in the mouse; Dppa5 is presen
was duplicated in the mouse after the divergence with rat and in primates before the c
the divergence from other primates. Note the inversion of topology of mouse genes,
reported for each npl method. *The bootstrap value was under 50%.Identification and organization of Khdc1/Dppa5/Ecat1/Ooep
genes in mammalian genomes
To establish a relationship between the phylogenetic evolu-
tion of the Khdc1/Dppa5/Ecat1/Ooep family and their
positions in the genome, we have identified and located all
the genes of this family in the available sequenced mammalian
genomes. Analysis of the human genome showed that the two
human KHDC1 genes, as well as the DPPA5, ECAT1, and
OOEP homolog (cat/dog) genes, are localized on humanlogenetic tree: three monophylogenetic groups that contain Ooep/Ecat1, Dppa5,
to give rise to Ooep in Ecat1 genes. (B) Ooep: The Ooep phylogenetic tree is
ian genomes except in rodents, from which these genes have probably been lost.
t only as a single copy in all other mammals. (E) Khdc1 subtree: Khdc1 probably
himpanzee/human/Macaca split. A further duplication occurred inMacaca after
probably due to the high rate of evolution of these genes. Bootstrap values are
Fig. 3 (continued).
587A. Pierre et al. / Genomics 90 (2007) 583–594chromosome 6q13, in a locus flanked by the genes KCNQ5
(potassium voltage-gated channel/subfamily Q/member 5) and
DDX43 (DEAD-box polypeptide 43) (Fig. 4 and Supplemental
Data Fig. 4A). A similar organization is found in the
chimpanzee, macaque, dog, and bovine genomes, the syntenic
regions being located on chromosomes 6, 4, 12, and 9,
respectively (Fig. 4 and Supplemental Figs. 4B–4E). One
pseudogene of KHDC1 was detected in the human and
chimpanzee genomes (Supplemental Figs. 4A and 4B) and
also in the dog, close to Khdc1 (Supplemental Fig. 4D).
Interestingly, a break is observed in the syntenic genomic
region in mouse and rat (Fig. 4 and Supplemental Figs. 4F and
4G). In mouse, the locus containing the Khdc1a, Khdc1b, and
Khdc1c genes is close to the Kcnq5 gene, on chromosome1A4, and the locus containing the Dppa5/Ooep homolog genes
is on chromosome 9E1, near Ddx43 (Supplemental Fig. 4F).
There are threeDppa5 genes in the mouse genome, in contrast to
those of other mammals. Moreover, in the mouse, three
glutathione S-transferase (Gst) genes are present in this region,
as well as the so-called oocyte maturation genes, Omt2a and
Omt2b, known to be specifically expressed in the oocyte [11].
In rat, theKhdc1 andDppa5 genes occupy two loci, respectively
on chromosome 9q13 and 8q31 (Supplemental Fig. 4G). On
chromosome 9q13, only one Khdc1 gene (and a pseudogene) is
present, close to two Kcnq5 genes and a Kcnq5 pseudogene. On
chromosome 8q31, two Dppa5/Ooep genes are present, as well
as three Gst genes and one Omt gene, near a predicted Ddx43
gene.
Fig. 3 (continued).
588 A. Pierre et al. / Genomics 90 (2007) 583–594No gene of the Khdc1/Dppa5/Ooep/Ecat1 family exists in
the zebrafish, the chicken, or the opossum genome (chromo-
somes 13, 3, and 2, respectively), Kcnq5 and Ddx43 being close
neighbors in the conserved syntenic region in all three species
(Fig. 4 and Supplemental Fig. 4H).
Evolution of the chromosomal region surrounding
Khdc1/Dppa5/Ooep/Ecat1 genes
In an attempt to provide a better understanding of the
organization of the region, we have developed a comparative
map of the region surrounding the DPPA5 gene in the human
genome from available whole-genome sequence assembly data.
Thus taking the human genome as a reference, we have focused
on a region approximately 30 Mb long comprising the centro-mere of HSA6 (from position 50 Mb to position 78 Mb). Both
cytogenetic [12] and bioinformatics [3] studies are in good
agreement with the hypothesis that this human region is covered
by a single ancestral boreoeutherian (BEA) chromosomal region
(named BEA6 in [17] and CAR5 [18]). In Fig. 5, we further
propose a model of chromosomal evolution to explain the
current organization of the region in rodent, human, and dog
lineages, extending results from the multispecies comparative
radiation hybrid map of the first half of this region (from
fragment 1 to the beginning of fragment 5) that has been recently
published [13]. Our region of interest was divided into six
fragments defined by their gene content and gene order. The
positions of some of these genes on human and mouse
chromosomes are reported in Fig. 5A (in particular GSTA
genes located in fragment 2, KCNQ5 located in fragment 5 near
Fig. 3 (continued).
589A. Pierre et al. / Genomics 90 (2007) 583–594DPPA5, and DDX43 located in fragment 6). In addition, while
the Gsta and Dppa5 genes are close in rodents, they are distant
in human, dog, and chicken. More generally, considering the
chicken as an outgroup and from previous results, the BEA
region consists of fragments 1, 2, 3, 5, and 6, which match
perfectly in the dog genome (CFA12). During the primate
radiation, we assume that fragment 4 containing a centromere
has been recruited between fragments 3 and 5 (Fig. 5B; see
HSA06 chromosome). More interestingly, a paracentric inver-
sion involving the block containing fragments 2, 3, and 5 in
BEA6might have occurred during the rodent radiation, followed
by a breakage between fragments 2 and 3. This resulted in a
separation of fragments 5 (containing Kcnq5 and Khdc1) and 6
(containing Ddx43, Dppa5, and Ooep) in the rodent lineage and
finally led to the current organization of our region of interest,which maps to mouse chromosome 1 (MMU1)—containing
fragments 1, 5, and 3 in a rearranged orientation compared to that
of human—and to mouse chromosome 9 (MMU9) containing
fragments 2 and 6 (Fig. 5B). This model might also explain the
proximity of the Gsta genes with the Dppa5/Ooep/Ddx43 locus
in rodents, due to the proximity of fragments 2 and 6. In the rat,
an identical organization is observed, the corresponding chro-
mosomes being RNO9 and RNO8, respectively (Fig. 5B).
Structural characterization of the murine Khdc1/Dppa5/Ecat1/
Ooep protein family
To make a hypothesis on the role of this gene family in
oogenesis, we investigated further the potential structure of
the corresponding proteins. Khdc1, Dppa5, Ecat1, and Ooep
Fig. 4. Schematic organization of Khdc1/Dppa5/Ooep/Ecat1 genes in mammalian genomes. The Khdc1/Dppa5/Ooep/Ecat1 gene family does not exist in fish,
chicken, or opossum genomes and emerged in the eutherian mammalian genomes at the locus between the Kcnq5 and the Ddx43 genes. The number of Khdc1
paralogs varies from 1 (rat, dog) to 3 (mouse, macaque; see Supplemental Figs. 4A–4H). Khdc1 pseudogenes are also found in rat, human, and dog. All mammals
contain a single Dppa5 gene except mouse, which has three paralogs. Similarly, all the genomes studied contain one copy of the Ooep homolog and Ecat1 genes
except rodents, from which Ecat1 has been probably lost. Note the break of synteny in rodents, the Khdc1/Kcnq5 group being isolated from the Dppa5/Ooep/Ddx43
locus in both species. Three Gst genes and one or two Omt2 genes are also found in the latter locus.
590 A. Pierre et al. / Genomics 90 (2007) 583–594sequences share a similar fold, revealed by the conservation of
core hydrophobic residues (Fig. 2A). Using the murine Khdc1,
Dppa5, and Ooep sequences as query, fold recognition methods,
such as 3D-PSSM [14] or FUGUE [15] have led to significant
alignments of the N-terminal regions of Khdc1/Dppa5/Ooep
proteins with KH-fold proteins (Fig. 2A). Most of the conserved
hydrophobic residues of the murine (as well as those of other
mammals; data not shown) Khdc1/Dppa5/Ooep sequences
match those observed in the family of type I KH domains,
supporting a common three-dimensional fold. KH domains
correspond to widespread RNA-binding modules present in
various proteins, such as the heterogeneous nuclear ribonucleo-
protein K, hnRNPK [16]. The type I KHmodule consists of a β-
α-α-β-β-α topology, in which a nucleic acid is recognized
through a narrow groove formed by the two helices and the edge
of the second β-strand (Fig. 2B, left). An invariant Gly-X-X-Gly
motif, in which the two glycine residues serve as C- and N-caps
of the two first helices and a variable loop, lines the groove and
makes multiple contact with the ligand [17–21]. Interestingly,Fig. 5. Model of chromosomal evolution for the region surrounding the KHDC1/DP
genes for the different fragments of conserved synteny (from 1 to 6) are presented. N
DDX43 are in fragment 6. KCNQ5, DPPA5, DDX43, and GSTa2 are underlined. (B)
human, and rodent lineages. The positions of the fragments defined in (A) on chicke
(HSA6), and mouse chromosomes 1 (MMU1) and 9 (MMU9), as well as the corre
ancestral boreoeutherian chromosome (named BEA6 in [17] and CAR5 in [18]) is
chromosomes represent the relative positions in megabases, and presumed evolutiona
of the syntenic region between human and dog as well as chicken and zebrafish spec
human chromosome 6. Note also the paracentric inversion after rodent radiation f
fragments 5 (Kcnq5/Khdc1) and 6 (Ddx43/Dppa5/Ooep). This model also shows the
the Dppa5/Ooep/Ddx43 locus in rodents. Note that the branch lengths depicted herethe central KH β-α-α-β motif is shared by type II KH domains,
lacking the two C-terminal regular secondary structures found in
type I KH domains and in which an N-terminal extension (an α-
helix and a β-strand) leads to a β-sheet rearrangement and, as a
consequence, to a different fold [16].
Specific features can be highlighted in the Khdc1/Dppa5/
Ooep/Ecat1 sequences relative to canonical KH domains. First,
the Gly-X-X-Gly motif is modified, with an aspartic acid
substituting the second glycine in Khdc1 proteins. These
sequence features would result in a different local conformation
of the Gly-X-X-Gly loop (Fig. 2B; right). Moreover the
secondary structures and core-forming hydrophobic amino
acids are predicted to be conserved (Figs. 2A and 2B); other
sequence differences can be found, in particular positions
involved in DNA/RNA contacts (Fig. 2A). For example, the first
X position of the Gly-X-X-Gly motif is generally occupied by a
basic residue in the canonical KH domain, whereas it is occupied
by a proline in the Khdc1/Dppa5/Ooep/Ecat1 sequences. These
observations suggest that the function of these proteins might notPA5 genes in the human, dog, rat, and mouse genomes. (A) Some representative
ote that KCNQ5 (and KHDC1 genes) are located in fragment 5, and DPPA5 and
Phylogenetic representation of the evolution of the region in the chicken, dog,
n chromosome 3 (GGA3), dog chromosome 12 (CFA12), human chromosome 6
sponding rat chromosomes 8 (RNO8) and 9 (RNO9), are given. The presumed
also depicted. The values on the right of the chicken, dog, human, and murine
ry events are mentioned in italics. This representation shows a good conservation
ies. Note the insertion of block 4 with a centromere between blocks 3 and 5 on
ollowed by a breakage between fragments 2 and 3 and thus the separation of
proximity of fragments 2 and 6, leading to the proximity of the GSTA genes with
are not representative of the evolution time of each species.
591A. Pierre et al. / Genomics 90 (2007) 583–594be involved in nucleic acid binding. Another striking feature of
the Khdc1/Dppa5/Ooep/Ecat1 sequences is the presence of a
few additional conserved secondary structures, upstream of theKH core structure, suggesting that a fold different from that of
type I, and perhaps type II, might occur around an ancestral KH
motif [16]. This conserved N-terminal extension, relative to the
592 A. Pierre et al. / Genomics 90 (2007) 583–594KH core, might play a key role in the function of the Khdc1/
Dppa5/Ooep family, whereas the variable C-terminal extensions
might be associated with the specific functions of the different
proteins.
Discussion
In the present work, we have identified in silico three new
genes specifically expressed in the mouse oocyte, Khdc1 and
its two paralogs, which we have named Khdc1a and Khdc1b.
We have verified by RT-PCR and in situ hybridization the
specificity of the expression of Khdc1a and Khdc1b. More
interestingly, we have shown that Khdc1 genes belong to a
family of genes that contains Ooep homolog (cat/dog) genes,
recently also shown to be specifically expressed in the cat and
dog oocyte, respectively (W. He et al., 2006, direct submission
to GenBank), as well as the Dppa5 and Ecat1 genes,
previously known to be expressed in primordial germ cells,
early embryo, and/or ES cells [9,10]. All the proteins encoded
by these genes share approximately 20 to 35% sequence
identity and are characterized by the conservation of core
hydrophobic residues similar to those found in KH-fold
proteins. KH domains correspond to widespread RNA-binding
modules present in various proteins, among which is the
heterogeneous nuclear ribonucleoprotein K, hnRNP K [16].
However, although the fact that those oocyte-specific factors
can bind to RNA has an evident physiological significance, our
sequence/structure analysis failed to establish definitively that
the atypical KH domain present in these proteins can bind to
nuclear acids. This suggests that, in contrast to the assessment
of Amano et al. [22], the function of these proteins might not
be to bind RNAs.
We have identified and localized orthologs of these mouse
Khdc1/Dppa5/Ooep/Ecat1 genes in the human, chimpanzee,
macaque, dog, and rat genomes and we have studied their
phylogenetic relationships. Several lines of evidence suggest
that the Khdc1/Dppa5/Ooep/Ecat1 gene family has evolved
rapidly and is located in particularly unstable genomic regions.
First, the Khdc1/Dppa5/Ooep/Ecat1 gene family does not
exist in fish, chicken, or opossum, suggesting that during
evolution it emerged in the eutherian mammalian genomes, at a
locus between the Kcnq5 and the Ddx43 genes.
Second, there is a between-species polymorphism of the
number of these genes in the genomes studied here (for
example, one Khdc1 in the dog compared to three in the mouse,
three Dppa5 genes in the mouse compared to one in primates),
suggesting that this gene family has evolved both by recent gene
birth/duplication and by gene loss. For example, the Ecat1 gene
has been lost from the rodent genomes. Moreover, duplication
of Khdc1 genes probably occurred after the divergence from the
rat, while in human, it probably occurred before the divergence
from apes. Interestingly, several retrotransposons of the Dppa5
gene are present all over the genome in mouse [22] and rat (data
not shown), and in the human genome, two pseudogenized
retrotransposons have been detected (data not shown). Several
recent studies have shown a relationship between the presence
of retrotransposons/pseudogenes and the fast evolution of genes[23,24], supporting our conclusions on the Khdc1/Dppa5/
Ecat1/Ooep gene family.
Third, the genomic region that contains these genes has
undergone structural rearrangements since the divergence
between rodents and other mammals, with a rupture of synteny
between the Kcnq5/Khdc1 locus and the Dppa5/Ooep/Ddx43
locus in rodents. More precisely, this rupture of synteny seems
to be associated with increased chromosomal region instability
in the rodent lineage. Interestingly, segmental duplications such
as those having resulted in the expansion of the Khdc1/Dppa5/
Ooep/Ecat1 gene family in mammals have already been
suggested as being involved in evolutionary rearrangements
[8]. More precisely, Navarro and Barton [25] have shown that
the Ka/Ks ratio is higher in genes located on chromosomes that
have undergone structural rearrangements between human and
chimpanzee, compared with colinear chromosomes. Thus, it is
possible that there is a link between the rate of evolution of these
genes and the fact that they are located in the vicinity of a
structural chromosomal rearrangement. It is noteworthy that the
Omt2 genes are present in the rodent (but not in human or dog)
genomes in the syntenic region of Dppa5/Ddx43. It would be
interesting to know if such synteny ruptures in this genomic
region have also occurred in other nonrodent species.
One important question concerns the evolutionary signifi-
cance of the emergence of these Khdc1/Dppa5/Ooep/Ecat1
genes in eutherian mammals and their biological functions in
ovogenesis and folliculogenesis in these species, compared to
birds and fish. In particular, Rajpal et al. [26] have shown that in
thymocytes KHDC1 (NDG1) can initiate a novel apoptotic
pathway involving caspase-8 and caspase-3 in a bcl-2-
independent manner. In addition, it has been shown that
MCG10, a novel p53-target gene encoding a protein with a
canonical KH domain, can induce apoptosis and cell cycle arrest
in G2–M and that the KH domain is necessary for these
activities [27]. Whether the Khdc1/Dppa5/Ooep/Ecat1 gene
family plays a role in the degeneration of ovarian oocytes
specifically in eutherian mammals requires further investiga-
tion. Interestingly, Dppa5-knockout mice are fertile [22], the
absence of Dppa5 being likely compensated by other members
of the Khdc1/Ecat1/Ooep/Dppa5 family.
Furthermore, the question of the role of Omt2 genes in
ovogenesis specifically in rodents (but not in primates) also
requires investigation. In particular, preliminary studies and
analysis of their predicted peptide sequence suggest that Omt2
mRNAs are not translated [11]. It is not possible to know if
these genes emerged after the divergence between rodents and
other mammals or disappeared in primates. It should be noted
that Blast analyses did not find any pseudo-OMT2 genes in
primate genomes.
In conclusion, we have identified new oocyte-specific
Khdc1 genes in the mouse and have shown that they belong
to a family containing ES-specific Dppa5 and Ecat1 genes, as
well as oocyte-specific Ooep genes. These genes probably
appeared in a conserved syntenic locus flanked by the Kcnq5
and Ddx43 genes in eutherian mammalian genomes, this
syntenic group being disrupted in rodents into two loci, i.e.,
Khdc1/Kcnq5 and Ddx43/Dppa5/Ooep. The biological roles
Table 1
Primers and annealing temperatures used to amplify Khdc1a, Khdc1b, and actin cDNAs
Gene Primer Annealing temperature MgCl2 (mM)
Ndg1 (AY238603.1) CTACAGGAGACAGGAATGAGTACCACAAAACAACCAAGCAAC 59 °C 2
Ndg1A (XM_355193.1) CTACAGGAGACAGGAATGAGTCTAACAGAAACCCCAAACAAC 59 °C 1
Actin ACGGAACCACAGTTTATCATCGTCCCAGTCTTCAACTATACC 60 °C 2
593A. Pierre et al. / Genomics 90 (2007) 583–594of these genes, especially in mammalian oogenesis, and the
significance of their rapid evolution and their location in
unstable genomic regions remain unknown.
Materials and methods
In silico identification of oocyte-specific genes
As previously described [1,2], three cDNA libraries derived from mouse
unfertilized eggs (dbEST library ID 14142), two-cell eggs (dbEST library ID
5391), and in vitro fertilized eggs (dbEST library ID 2589) were subjected to
digital differential display analysis (http://www.ncbi.nlm.nih.gov/UniGene/
info_ddd.html) to identify oocyte-specific ESTs that are not found in several
nonnormalized cDNA libraries from different adult somatic nontumoral tissues
(brain, kidney, stomach, liver, lung, spleen, muscle, heart, skin, bone marrow,
adipose tissue, and adrenal gland).
RT-PCR analysis
Total RNAwas extracted fromwhole adult tissues (ovary, testis, liver, kidney,
spleen, brain, muscle, lung, thymus, and heart) using the RNAble reagent
according to the manufacturer’s procedure (Eurobio, Les Ulis, France). Reverse
transcription was performed for 1 h at 42 °C in a total volume of 20 μl with 2 μg
total RNA per sample following standard procedures. Five microliters of the
cDNA product was amplified by PCR using the primers given in Table 1. RT-
PCR products were analyzed by Southern blotting. Briefly, the RT-PCR products
were fractionated on a 1% agarose gel, transferred to Hybond-N+ membrane
(Amersham Pharmacia), and hybridized with the corresponding cDNA fragment
labeled by random priming (106 cpm/ml) as described previously [28].
To insert cDNAs in the cloning vector, PCR products were purified from the
agarose gel using the gel extraction kit QIAEX II (Qiagen, Hilden, Germany) and
inserted into pGEM-T vector (Promega, Madison, WI, USA). The selected
clones were verified by sequencing.
In situ hybridization
Frozen ovaries from female mice were serially sectioned (10 μm) with a
cryostat. These sections were hybridized in situ with 35S-labeled cRNA probes as
previously described [29]. Specificity of the hybridization was assessed by
comparing the signals obtained with the cRNA antisense and the corresponding
sense probes. Histological determination of the follicular size and the degree of
atresia was performed on adjacent sections stained with Feulgen reagent [29].
Sequence analysis
Similarity searches were performed within protein sequence databases using
PSI-BLAST [30]. Comparison of protein sequences was refined using hydro-
phobic cluster analysis [31]. Fold recognition was done using 3D-PSSM
[14] and FUGUE [15]. Molecular modeling was performed using Modeller
[32].
Phylogenetic analysis
The phylogenetic study was carried out with the phylogenomic analysis
pipeline available in the FIGENIX platform (http://www.up.univ-mrs.fr/evol/
figenix/) [33]. FIGENIX retrieved sequences, provided multiple sequencealignments and phylogenetic reconstruction, and deduced orthology and
paralogy relationships (for a detailed description of pipelines and models used,
see [33]). The trees (npl) are the fusion of three phylogenetic trees built on the
basis of neighbor-joining (NJ) [34], maximum parsimony, and maximum
likelihood [35] analyses. The Dayhoff PAM matrix [36] provided the distance
matrix for the NJ method. The evolutionary distance separating sequences is
defined as the number of mutational events per site underlying the evolutionary
history separating the sequences. Thus, evolutionary relations among sequences
are represented by tree structures in which the branch length represents the
evolutionary distance [37]. For each node, bootstrap values are reported for each
npl method. An asterisk means that the bootstrap value was under 50%. Boot-
strapping was carried out with 1000 replications.
Multispecies comparative map
Gene fragments were defined according to their gene content and order. Their
localization in the different species of interest was determined from the UCSC
genome browser (http://genome.ucsc.edu/) using the most recent assemblies
(Homo sapiens (HSA) hg18, Mus musculus (MMU) mm8, Rattus norvegicus
(RNO) rn4, and Gallus gallus (GGA; galGal3 assemblies). Comparative
mapping results based on gene content were also confirmed by comparative
sequence analysis of the region of interest available from the UCSC genome
browser mentioned above.Acknowledgments
We acknowledge Claude Cahier and his team for expert
animal care, Michele Peloille for sequencing, and Hélène Hayes
for English language. This work was supported by the “Institut
National de la Recherche Agronomique” and by a grant from
“Genanimal.” Alice Pierre was supported by a fellowship from
Organon.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ygeno.2007.06.003.
References
[1] S. Dade, I. Callebaut, P. Mermillod, P. Monget, Identification of a new
expanding family of genes characterized by atypical LRR domains:
localization of a cluster preferentially expressed in oocyte, FEBS Lett. 555
(2003) 533–538.
[2] S. Dade, I. Callebaut, A. Paillisson, M. Bontoux, R. Dalbies-Tran, P.
Monget, In silico identification and structural features of six new genes
similar to MATER specifically expressed in the oocyte, Biochem. Biophys.
Res. Commun. 324 (2004) 547–553.
[3] A.V. Evsikov, J.H. Graber, J.M. Brockman, A. Hampl, A.E. Holbrook, P.
Singh, J.J. Eppig, D. Solter, B.B. Knowles, Cracking the egg: molecular
dynamics and evolutionary aspects of the transition from the fully grown
oocyte to embryo, Genes Dev. 20 (2006) 2713–2727.
[4] A. Paillisson, S. Dade, I. Callebaut, M. Bontoux, R. Dalbies-Tran, D.
Vaiman, P. Monget, Identification, characterization and metagenome
594 A. Pierre et al. / Genomics 90 (2007) 583–594analysis of oocyte-specific genes organized in clusters in the mouse
genome, BMC Genomics 6 (2005) 76.
[5] L. Zhang, W.H. Li, Mammalian housekeeping genes evolve more slowly
than tissue-specific genes, Mol. Biol. Evol. 21 (2004) 236–239.
[6] J. Yang, A.I. Su, W.H. Li, Gene expression evolves faster in narrowly than
in broadly expressed mammalian genes, Mol. Biol. Evol. 22 (2005)
2113–2118.
[7] W.J. Swanson, V.D. Vacquier, The rapid evolution of reproductive
proteins, Nat. Rev. Genet. 3 (2002) 137–144.
[8] L. Armengol, M.A. Pujana, J. Cheung, S.W. Scherer, X. Estivill,
Enrichment of segmental duplications in regions of breaks of synteny
between the human and mouse genomes suggest their involvement in
evolutionary rearrangements, Hum. Mol. Genet. 12 (2003) 2201–2208.
[9] S.K. Kim, M.R. Suh, H.S. Yoon, J.B. Lee, S.K. Oh, S.Y. Moon, S.H.
Moon, J.Y. Lee, J.H. Hwang, W.J. Cho, K.S. Kim, Identification of
developmental pluripotency associated 5 expression in human pluripotent
stem cells, Stem Cells 23 (2005) 458–462.
[10] K. Mitsui, Y. Tokuzawa, H. Itoh, K. Segawa, M. Murakami, K. Takahashi,
M. Maruyama, M. Maeda, S. Yamanaka, The homeoprotein Nanog is
required for maintenance of pluripotency in mouse epiblast and ES cells,
Cell 113 (2003) 631–642.
[11] M.F. West, A.C. Verrotti, F.J. Salles, S.E. Tsirka, S. Strickland, Isolation
and characterization of two novel, cytoplasmically polyadenylated,
oocyte-specific, mouse maternal RNAs, Dev. Biol. 175 (1996) 132–141.
[12] L. Froenicke, Origins of primate chromosomes—as delineated by Zoo-
FISH and alignments of human and mouse draft genome sequences,
Cytogenet. Genome Res. 108 (2005) 122–138.
[13] J. Demars, J. Riquet, K. Feve, M. Gautier, M. Morisson, O. Demeure, C.
Renard, P. Chardon, D. Milan, High resolution physical map of porcine
chromosome 7 QTL region and comparative mapping of this region among
vertebrate genomes, BMC Genomics 7 (2006) 13.
[14] L.A. Kelley, R.M. MacCallum, M.J. Sternberg, Enhanced genome
annotation using structural profiles in the program 3D-PSSM, J. Mol.
Biol. 299 (2000) 499–520.
[15] J. Shi, T.L. Blundell, K. Mizuguchi, FUGUE: sequence–structure
homology recognition using environment-specific substitution tables and
structure-dependent gap penalties, J. Mol. Biol. 310 (2001) 243–257.
[16] N.V. Grishin, KH domain: one motif, two folds, Nucleic Acids Res. 29
(2001) 638–643.
[17] P.H. Backe, A.C. Messias, R.B. Ravelli, M. Sattler, S. Cusack, X-ray
crystallographic and NMR studies of the third KH domain of hnRNP K
in complex with single-stranded nucleic acids, Structure (Cambridge) 13
(2005) 1055–1067.
[18] P.H. Backe, R.B. Ravelli, E. Garman, S. Cusack, Crystallization,
microPIXE and preliminary crystallographic analysis of the complex
between the third KH domain of hnRNP K and single-stranded DNA, Acta
Crystallogr. D Biol. Crystallogr. 60 (2004) 784–787.
[19] D.T. Braddock, J.M. Louis, J.L. Baber, D. Levens, G.M. Clore, Structure
and dynamics of KH domains from FBP bound to single-stranded DNA,
Nature 415 (2002) 1051–1056.
[20] H.A. Lewis, K. Musunuru, K.B. Jensen, C. Edo, H. Chen, R.B. Darnell,
S.K. Burley, Sequence-specific RNA binding by a Nova KH domain:
implications for paraneoplastic disease and the fragile X syndrome, Cell
100 (2000) 323–332.
[21] Z. Liu, I. Luyten, M.J. Bottomley, A.C. Messias, S. Houngninou-Molango,R. Sprangers, K. Zanier, A. Kramer, M. Sattler, Structural basis for
recognition of the intron branch site RNA by splicing factor 1, Science 294
(2001) 1098–1102.
[22] H. Amano, K. Itakura, M. Maruyama, T. Ichisaka, M. Nakagawa, S.
Yamanaka, Identification and targeted disruption of the mouse gene
encoding ESG1 (PH34/ECAT2/DPPA5), BMC Dev. Biol. 6 (2006) 11.
[23] E.S. Balakirev, F.J. Ayala, Pseudogenes: are they “junk” or functional
DNA? Annu. Rev. Genet. 37 (2003) 123–151.
[24] M. Long, M. Deutsch, W. Wang, E. Betran, F.G. Brunet, J. Zhang, Origin
of new genes: evidence from experimental and computational analyses,
Genetica 118 (2003) 171–182.
[25] A. Navarro, N.H. Barton, Chromosomal speciation and molecular
divergence—accelerated evolution in rearranged chromosomes, Science
300 (2003) 321–324.
[26] A. Rajpal, Y.A. Cho, B. Yelent, P.H. Koza-Taylor, D. Li, E. Chen, M.
Whang, C. Kang, T.G. Turi, A. Winoto, Transcriptional activation of
known and novel apoptotic pathways by Nur77 orphan steroid receptor,
EMBO J. 22 (2003) 6526–6536.
[27] J. Zhu, X. Chen, MCG10, a novel p53 target gene that encodes a KH
domain RNA-binding protein, is capable of inducing apoptosis and cell
cycle arrest in G(2)-M, Mol. Cell. Biol. 20 (2000) 5602–5618.
[28] E. Gay, D. Seurin, S. Babajko, S. Doublier, M. Cazillis, M. Binoux, Liver-
specific expression of human insulin-like growth factor binding protein-1
in transgenic mice: repercussions on reproduction, ante- and perinatal
mortality and postnatal growth, Endocrinology 138 (1997) 2937–2947.
[29] N. Besnard, C. Pisselet, D. Monniaux, A. Locatelli, F. Benne, F. Gasser, F.
Hatey, P. Monget, Expression of messenger ribonucleic acids of insulin-
like growth factor binding protein-2, -4, and -5 in the ovine ovary:
localization and changes during growth and atresia of antral follicles, Biol.
Reprod. 55 (1996) 1356–1367.
[30] S.F. Altschul, T.L. Madden, A.A. Schaffer, J. Zhang, Z. Zhang, W. Miller,
D.J. Lipman, Gapped BLASTand PSI-BLAST: a new generation of protein
database search programs, Nucleic Acids Res. 25 (1997) 3389–3402.
[31] I. Callebaut, G. Labesse, P. Durand, A. Poupon, L. Canard, J. Chomilier, B.
Henrissat, J.P. Mornon, Deciphering protein sequence information through
hydrophobic cluster analysis (HCA): current status and perspectives, Cell.
Mol. Life Sci. 53 (1997) 621–645.
[32] A. Sali, T.L. Blundell, Comparative protein modelling by satisfaction of
spatial restraints, J. Mol. Biol. 234 (1993) 779–815.
[33] P. Gouret, V. Vitiello, N. Balandraud, A. Gilles, P. Pontarotti, E.G.
Danchin, FIGENIX: intelligent automation of genomic annotation:
expertise integration in a new software platform, BMC Bioinformatics 6
(2005) 198.
[34] P. Western, J. Maldonado-Saldivia, J. van den Bergen, P. Hajkova, M.
Saitou, S. Barton, M.A. Surani, Analysis of Esg1 expression in pluripotent
cells and the germline reveals similarities with Oct4 and Sox2 and
differences between human pluripotent cell lines, Stem Cells 23 (2005)
1436–1442.
[35] J. Felsenstein, Evolutionary trees from DNA sequences: a maximum
likelihood approach, J. Mol. Evol. 17 (1981) 368–376.
[36] M.O. Dayhoff, R.M. Schwartz, B.C. Orcutt, A model of evolutionary
change in proteins, Atlas of Protein Sequence and Structure, National
Biomedical Research Foundation, Washington, DC, 1978, pp. 345–352.
[37] M. Nei, Phylogenetic analysis in molecular evolutionary genetics, Annu.
Rev. Genet. 30 (1996) 371–403.
